
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

77
0 

53
4

A
1

TEPZZ 77Z5¥4A_T
(11) EP 2 770 534 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
27.08.2014 Bulletin 2014/35

(21) Application number: 14156326.2

(22) Date of filing: 24.02.2014

(51) Int Cl.:
H01L 29/167 (2006.01) H01L 29/78 (2006.01)

H01L 29/739 (2006.01) H01L 29/868 (2006.01)

H01L 21/329 (2006.01) H01L 21/336 (2006.01)

H01L 29/10 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME

(30) Priority: 22.02.2013 JP 2013059828

(71) Applicant: Kabushiki Kaisha Toshiba
Tokyo 105-8001 (JP)

(72) Inventors:  
• Shimizu, Tatsuo

Minato-ku, Tokyo 105-8001 (JP)

• Shinohe, Takashi
Minato-ku, Tokyo 105-8001 (JP)

• Nishio, Johji
Minato-ku, Tokyo 105-8001 (JP)

• Ota, Chiharu
Minato-ku, Tokyo 105-8001 (JP)

(74) Representative: Granleese, Rhian Jane
Marks & Clerk LLP 
90 Long Acre
London WC2E 9RA (GB)

(54) Semiconductor device and method of manufacturing the same

(57) A semiconductor device of an embodiment in-
cludes a p-type SiC impurity region containing a p-type
impurity and an n-type impurity. Where the p-type impu-
rity is an element A and the n-type impurity is an element
D, the element A and the element D form a combination
of Al (aluminum), Ga (gallium), or In (indium) and N (ni-
trogen), and/or a combination of B (boron) and P (phos-

phorus). The ratio of the concentration of the element D
to the concentration of the element A in the above com-
bination is higher than 0.33 but lower than 0.995, and the
concentration of the element A forming part of the above
combination is not lower than 1 x 1018 cm-3 and not higher
than 1 x 1022 cm-3.



EP 2 770 534 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2013-059828, filed on March 22, 2013, the entire con-
tents of which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally
to a semiconductor device and a method of manufactur-
ing the same

BACKGROUND

[0003] SiC (silicon carbide) is expected to be a material
for next-generation power semiconductor devices. SiC
has excellent physical properties, having a band gap
three times wider than that of Si (silicon), a breakdown
field strength approximately 10 times higher than that of
Si, and a heat conductivity approximately three times
higher than that of Si. A power semiconductor device that
has low loss and is capable of high-temperature opera-
tion can be realized by taking advantage of those prop-
erties.
[0004] Meanwhile, it is difficult to lower the resistance
in a p-type impurity region or an n-type impurity region
with SiC, because the solid solubility limit of an impurity
is too low, and levels formed with the impurity in the band
gap are too deep.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005]

FIG. 1 is a schematic cross-sectional view of a sem-
iconductor device of a first embodiment;
FIG. 2 is a diagram for explaining the function of co-
doping;
FIG. 3 is a diagram for explaining the function of co-
doping;
FIG. 4 is a diagram for explaining the function of co-
doping;
FIG. 5 is a diagram for explaining the function of co-
doping;
FIG. 6 is a diagram for explaining the function of co-
doping;
FIG. 7 is a diagram showing the relationship between
Al and N densities and sheet resistance in the case
of n-type SiC;
FIG. 8 is a diagram showing the relationship between
N and Al densities and sheet resistance in the case
of p-type SiC;
FIG. 9 is a process flowchart showing a method of
manufacturing the semiconductor device of the first
embodiment;

FIG. 10 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the first embodiment;
FIG. 11 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the first embodiment;
FIG. 12 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the first embodiment;
FIG. 13 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the first embodiment;
FIG. 14 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the first embodiment;
FIG. 15 is a process flowchart showing a method of
manufacturing a semiconductor device of a second
embodiment;
FIG. 16 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the second embodiment;
FIG. 17 is a schematic cross-sectional view of a sem-
iconductor device of a third embodiment;
FIG. 18 is a schematic cross-sectional view of a sem-
iconductor device of a fourth embodiment;
FIG. 19 is a process flowchart showing a method of
manufacturing the semiconductor device of the
fourth embodiment;
FIG. 20 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment;
FIG. 21 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment;
FIG. 22 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment;
FIG. 23 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment;
FIG. 24 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment; and
FIG. 25 is a schematic cross-sectional view illustrat-
ing the method of manufacturing the semiconductor
device of the fourth embodiment.

DETAILED DESCRIPTION

[0006] A semiconductor device of an embodiment in-
cludes a p-type SiC impurity region containing a p-type
impurity and an n-type impurity. Where the p-type impu-
rity is an element A and the n-type impurity is an element
D, the element A and the element D form at least a first
combination or a second combination, the first combina-
tion being a combination of the element A selected from
a group consisting of Al (aluminum), Ga (gallium), and
In (indium) and the element D being N (nitrogen), the
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second combination being a combination of the element
A being B (boron) and the element D being P (phospho-
rus). The ratio of the concentration of the element D to
the concentration of the element A in the above combi-
nation is higher than 0.33 but lower than 0.995, and the
concentration of the element A forming part of the above
combination is not lower than 1 3 1018 cm-3 and not
higher than 1 3 1022 cm-3.
[0007] The following is a description of embodiments,
with reference to the accompanying drawings. In the fol-
lowing description, like components are denoted by like
reference numerals, and explanation of components de-
scribed once will not be repeated.
[0008] In the following description, n+, n, n-, p+, p, and
p- indicate relative levels of impurity densities in the re-
spective conductivity types. Specifically, n+ indicates that
an n-type impurity concentration is relatively higher than
that of n, and n- indicates that an n-type impurity concen-
tration is relatively lower than that of n. Likewise, p+ in-
dicates that a p-type impurity concentration is relatively
higher than that of p, and p- indicates that a p-type im-
purity concentration is relatively lower than that of p. It
should be noted that there are cases where an n+ type
and an n- type are referred to simply as an n-type, and
a p+ type and a p- type are referred to simply as a p-type.

(First Embodiment)

[0009] A semiconductor device of this embodiment in-
cludes an n-type SiC substrate having first and second
faces, an n-type SiC layer formed on the side of the first
face of the SiC substrate, a p-type first SiC region formed
in the surface of the SiC layer, and an n-type second SiC
region formed in the surface of the first SiC region. The
semiconductor device also includes a p-type third SiC
region that is formed in the surface of the first SiC region,
and contains a p-type impurity and an n-type impurity.
Where the p-type impurity is an element A and the n-type
impurity is an element D, the element A and the element
D form a combination of Al (aluminum), Ga (gallium), or
In (indium) and N (nitrogen), and/or a combination of B
(boron) and P (phosphorus). In other words, the element
A and the element D form at least a first combination or
a second combination, the first combination being a com-
bination of the element A selected from a group consist-
ing of Al (aluminum), Ga (gallium), and In (indium) and
the element D being N (nitrogen), the second combina-
tion being a combination of the element A being B (boron)
and the element D being P (phosphorus). The ratio (con-
centration D/concentration A) of the concentration of the
element D to the concentration of the element A in the
above combination is higher than 0.33 but lower than
0.995, and the concentration of the element A forming
part of the above combination is not lower than 1 3 1018

cm-3 and not higher than 1 3 1022 cm-3. The semicon-
ductor device further includes a gate insulating film con-
tinuously formed on the surfaces of the SiC layer and the
first SiC region, a gate electrode formed on the gate in-

sulating film, a first electrode formed on the second SiC
region and the third SiC region, and a second electrode
formed on the side of the second face of the SiC sub-
strate.
[0010] FIG. 1 is a schematic cross-sectional view of
the structure of a MOSFET that is a semiconductor device
of this embodiment. This MOSFET (Metal Oxide Semi-
conductor Field Effect Transistor) 100 is a Double Im-
plantation MOSFET (DIMOSFET) having a p-well and a
source region formed through ion implantation, for ex-
ample.
[0011] This MOSFET 100 includes an SiC substrate
(a silicon carbide substrate) 12 having first and second
faces. In FIG. 1, the first face is the upper face, and the
second face is the lower face. This SiC substrate 12 is a
4H-SiC substrate (an n-substrate) that contains N (nitro-
gen) as the n-type impurity at an impurity concentration
of approximately 1 3 1018 to 1 3 1019 cm-3, for example.
[0012] An n-type SiC layer (an n--SiC layer) 14 con-
taining the n-type impurity at an impurity concentration
of approximately 5 3 1015 to 2 3 1016 cm-3, for example,
is formed on the first face of the SiC substrate 12. The
film thickness of the n--SiC layer 14 is approximately 5
to 10 mm, for example.
[0013] A p-type first SiC region (a p-well region) 16
containing the p-type impurity at an impurity concentra-
tion of approximately 5 3 1015 to 1 3 1017 cm-3 is formed
in part of the surface of the nSiC layer 14. The depth of
the p-well region 16 is approximately 0.6 mm, for exam-
ple. The p-well region 16 functions as a channel region
of the MOSFET 100.
[0014] An n+-type second SiC region (a source region)
18 containing the n-type impurity at an impurity concen-
tration of approximately 1 3 1018 to 1 3 1022 cm-3 is
formed in part of the surface of the first SiC region (the
p-well region) 16. The depth of the source region 18 is
smaller than the depth of the first SiC region (the p-well
region) 16, and is approximately 0.3 mm, for example.
[0015] A p+-type third SiC region (a p-well contact re-
gion) 20 containing the p-type impurity at an impurity con-
centration of approximately 1 3 1018 to 1 3 1022 cm-3 is
also formed in part of the surface of the first SiC region
(the p-well region) 16 and on a side of the n+-type second
SiC region (the source region) 18. The depth of the p-
well contact region 20 is smaller than the depth of the
first SiC region (the p-well region) 16, and is approxi-
mately 0.3 mm, for example.
[0016] The p+-type third SiC region (the p-well contact
region) 20 is co-doped with the p-type impurity and the
n-type impurity. Where the p-type impurity is an element
A and the n-type impurity is an element D, the element
A and the element D form a combination of Al (aluminum),
Ga (gallium), or In (indium) and N (nitrogen) (a first com-
bination), and/or a combination of B (boron) and P (phos-
phorus) (a second combination). The ratio of the concen-
tration of the element D to the concentration of the ele-
ment A in the above combination is higher than 0.33 but
lower than 0.995, and the concentration of the element
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A forming part of the above combination is not lower than
1 3 1018 cm-3 and not higher than 1 3 1022 cm-3.
[0017] In the case of the first combination of Al (alumi-
num), Ga (gallium), or In (indium) and N (nitrogen), for
example, the element A may be a single element selected
from Al (aluminum), Ga (gallium), and In (indium). Alter-
natively, the element A may be formed with two elements
such as Al (an element A1) and Ga (an element A2) or
may be formed with three elements such as Al (the ele-
ment A1), Ga (the element A2), and In (an element A3).
In a case where the element A is formed with more than
one element, the element A may be formed with two or
three kinds of elements, as long as the above described
conditions on the ratio of the concentration of the element
D to the concentration of the element A and on the con-
centration of the element A are satisfied.
[0018] The first combination and the second combina-
tion can coexist. However, the above described condi-
tions on the ratio of the concentration of the element D
to the concentration of the element A and on the concen-
tration of the element A should be satisfied with elements
that form at least one of the first and second combina-
tions. In other words, each of the first combination and
the second combination should satisfy the conditions on
the element ratio and the element concentration. This is
because the later described trimer is not formed between
an impurity having the first combination and an impurity
having the second combination.
[0019] In a case where the Al concentration is 1 3 1018

cm-3, the Ga concentration is 1 3 1018 cm-3, and the N
concentration is 1 3 1018 cm-3, for example, N/(Al + Ga)
is 0.5, and (Al + Ga) is 231018 cm-3. In this case, the
element ratio and the element densities are within the
ranges set by this embodiment.
[0020] In a case where the B concentration is 4 3 1018

cm-3, the P concentration is 1 3 1018 cm-3, and the N
concentration is 1 3 1018 cm-3, for example, attention is
paid only to B and P, which forms the second combina-
tion. As a result, P/B is 0.25, which does not satisfy the
element ratio condition, and is outside the range set by
this embodiment.
[0021] Also, in a case where the Al concentration is 5
3 1017 cm-3, the B concentration is 5 3 1017 cm-3, the
N concentration is 2.5 3 1017 cm-3, and the P concen-
tration is 2.5 3 1017 cm-3, N/Al is 0.5, which satisfies the
ratio condition, but the Al concentration is lower than 1
3 1018 cm-3 in the first combination. In the second com-
bination, P/B is 0.5, which satisfies the ratio condition,
but the B concentration is lower than 1 3 1018 cm-3.
Therefore, either of the first and second combinations
does not satisfy the element ratio condition and the ele-
ment concentration condition, and is outside the ranges
set by this embodiment.
[0022] It should be noted that this embodiment does
not exclude elements other than the above mentioned
elements from the p-type impurity and the n-type impu-
rity. In the following, an example case where the element
A is Al (aluminum) and the element D is N (nitrogen) is

described.
[0023] A gate insulating film 28 is continuously formed
on the surfaces of the n--SiC layer 14 and the first SiC
region (the p-well region) 16, so as to bridge the space
between the layer and the region. The gate insulating
film 28 may be an SiO2 film or a high-k insulating film, for
example.
[0024] A gate electrode 30 is formed on the gate insu-
lating film 28. The gate electrode 30 is made of polysili-
con, for example. An interlayer insulating film 32 formed
with an SiO2 film, for example, is formed on the gate
electrode 30.
[0025] The first SiC region 16 interposed between the
second SiC region (the source region) 18 under the gate
electrode 30 and the n--SiC layer 14 functions as the
channel region of the MOSFET 100.
[0026] A conductive first electrode (a source/p-well
common electrode) 24 that is electrically connected to
the second SiC region (the source region) 18 and the
third SiC region (the p-well contact region) 20 is then
formed. The first electrode (the source/p-well common
electrode) 24 is formed with a Ni (nickel) barrier metal
layer 24a and an Al metal layer 24b formed on the barrier
metal layer 24a, for example. The Ni barrier metal layer
24a and the Al metal layer 24b may form an alloy through
a reaction.
[0027] A conductive second electrode (a drain elec-
trode) 36 is formed on the side of the second face of the
SiC substrate 12. The second electrode (the drain elec-
trode) 36 is made of Ni, for example.
[0028] In this embodiment, the n-type impurity is pref-
erably N (nitrogen) or P (phosphorus), for example, but
it is possible to use As (arsenic) or the like. Also, the p-
type impurity is preferably Al (aluminum), for example,
but it is possible to use B (boron), Ga (gallium), In (indi-
um), or the like.
[0029] In the following, the function and effects of this
embodiment are described in detail.
[0030] The results of studies made by the inventors
have made clear that pairing between Al and N can be
caused by co-doping SiC with Al as the p-type impurity
(p-type dopant) and N as the n-type impurity (n-type do-
pant). In this pairing state, carriers are compensated and
are put into a zero state.
[0031] FIGS. 2 and 3 are diagrams for explaining the
function of co-doping. FIG. 2 shows the case of n-type
SiC, and FIG. 3 shows the case of p-type SiC. The first
principle calculation performed by the inventors has
made it clear that Al enters Si (silicon) sites and N enters
C (carbon) sites in SiC so that Al and N become adjacent
to each other, and, as a result, the system is stabilized.
[0032] Specifically, as shown in FIGS. 2 and 3, where
Al and N are linked to each other to form an Al-N pair
structure, the system becomes 2.9 eV more stable in
terms of energy than that in a situation where Al and N
are not linked to each other but exist independently of
each other. If the Al amount and the N amount are the
same, the most stable state is achieved as all of the two
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elements form pair structures.
[0033] Here, the first principle calculation is a calcula-
tion using ultrasoft pseudopotential. Ultrasoft pseudopo-
tential is a type of pseudopotential, and was developed
by Vanderbilt et al. For example, a lattice constant has
such a high precision as to realize experimental values
with a margin of error of 1% or smaller. Structural relax-
ation is performed by introducing impurities (dopant), and
the entire energy of a stable state is calculated. The en-
ergy of the entire system after a change is compared with
the energy prior to the change, so as to determine which
structure is in a stable state. In a stable state, the energy
position of the impurity level in the band gap can be in-
dicated.
[0034] As shown in FIG. 2, it has become apparent
that, in a case where the amount of N is larger than the
amount of Al or in the case of n-type SiC, extra N enters
a C site located in the vicinity of an Al-N pair structure,
to form an N-Al-N trimer and further stabilize the system.
According to the first principle calculation, a trimer is
formed, and the system becomes 0.3 eV more stable
than that in a case where pair structures exist separately
from N.
[0035] Likewise, as shown in FIG. 3, it has become
apparent that, in a case where the amount of Al is larger
than the amount of N or in the case of p-type SiC, extra
Al enters an Si site located in the vicinity of an Al-N pair,
to form an Al-N-Al trimer and further stabilize the system.
According to the first principle calculation, a trimer is
formed, and the system becomes 0.4 eV more stable
than that in a case where Al-N pair structures exist sep-
arately from Al.
[0036] Next, a dopant combination other than the com-
bination of Al and N is discussed. Calculation results ob-
tained in a case where a calculation was conducted for
a combination of B (boron) and N (nitrogen) are described
below.
[0037] B enters Si sites, and N enters C sites. Accord-
ing to the first principle calculation, B-N-B or N-B-N trimer-
ic structures cannot be formed. Specifically, B-N pair
structures are formed, but the energy of the system be-
comes higher when B or N approaches the B-N pair struc-
tures. However, the system is more stable in terms of
energy when extra B or N exists in positions sufficiently
away from the pair structures.
[0038] According to the first principle calculation, when
extra B forms trimers, the energy of the system is 0.5 eV
higher than that in a case where B-N pairs exist inde-
pendently of B. Also, when N forms trimers, the energy
of the system is 0.3 eV higher than that in a case where
B-N pairs exist independently of N. Therefore, in either
case, the system becomes unstable when trimers are
formed.
[0039] FIG. 4 is a diagram for explaining the function
of co-doping. FIG. 4 shows the covalent radii of respec-
tive elements. Elements with smaller covalent radii are
shown in the upper right portion in the drawing, and ele-
ments with larger covalent radii are shown in the lower

left portion.
[0040] Considering the covalent radii, it is understand-
able that the system becomes unstable when trimers are
formed with B and N. The covalent radius of B is smaller
than the covalent radius of Si, and the covalent radius of
N is smaller than the covalent radius of C. Therefore,
when B enters Si sites and N enters C sites, strain accu-
mulates, and trimers cannot be formed.
[0041] It has become apparent that trimers are not
formed with combinations of the p-type impurity and the
n-type impurity as dopant other than the combinations of
"an element (Al, Ga, or In) having a larger covalent radius
than that of Si" and "an element (N) having a smaller
covalent radius than that of C" and the reverse combina-
tion of "an element (B) having a larger covalent radius
than that of C" and "an element (P) having a smaller
covalent radius than that of Si".
[0042] Since the covalent radii of B and P are between
the covalent radius of Si and the covalent radius of C, B
and P can enter both Si sites and C sites. However, the
other impurities (Al, Ga, In, N, and As) basically enter
either Si sites or C sites. It is safe to say that Al, Ga, In,
and As enter Si sites, and N enters C sites.
[0043] Furthermore, when both impurities enter Si
sites or both impurities enter C sites, there is no need to
consider such matter. This is because it is difficult to relax
strain unless the p-type impurity and the n-type impurity
are located at the closest distance from each other.
Therefore, where the p-type impurity is the element A
and the n-type impurity is the element D, it is difficult to
form trimers with combinations of the element A and the
element D other than the four combinations of Al and N,
Ga and N, In and N, and B and P.
[0044] The pair structures or the trimeric structures
cannot be formed unless there is interaction between at-
oms. If approximately 10 unit cells exist in the c-axis di-
rection, the interaction becomes invisible, the impurity
level (dopant level) in a 4H-SiC structure according to
the first principle calculation becomes flat. That is, diffu-
sion is sufficiently restrained, and is on the order of ap-
proximately 10 meV.
[0045] In other words, it is considered that there is little
interaction when the distance between impurities is 10
nm or longer. In view of this, to maintain interaction be-
tween impurities, the impurity concentration is preferably
1 3 1018 cm-3 or higher.
[0046] This value is the lower limit of the impurity con-
centration desired when a local impurity distribution is
formed through ion implantation in a case where an SiC
material has already been formed.
[0047] To cause an effect of co-doping to appear in
semiconductor SiC, the rates of the n-type impurity con-
centration and the p-type impurity concentration need to
be restricted within a specific range. By the later de-
scribed manufacturing method, it is critical that the re-
spective rates of the n-type and p-type impurities to be
introduced by ion implantation be set at rates within the
specific range from the start. Although the reach of inter-
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action is as small as 10 nm or less, trimers can be formed
by virtue of the attraction force of each other within the
reach. Furthermore, as the attraction force is applied, the
temperature of the activating anneal for the impurities
can be lowered from 1700-1900°C, which is the temper-
ature range in a case where co-doping is not performed,
to 1500-1800°C.
[0048] However, the impurity concentration desirable
for trimer formation can be lowered in crystal growth from
a vapor phase by CVD (Chemical Vapor Deposition) or
the like. This is because raw material can be made to
flow in the surface, and accordingly, interaction between
the impurities can easily occur at low densities.
[0049] In vapor phase growth, the range of impurity
densities for trimer formation is 1 3 1015 cm-3 to 1 3 1022

cm-3, which is wider than that with ion implantation. In
vapor phase growth, it is possible to lower the SiC impu-
rity concentration to approximately 1 3 1016 cm-3 or in-
crease the SiC impurity to approximately 1 3 1021 cm-3,
for example. Particularly, it is difficult to form an impurity
region in a low-concentration region through ion implan-
tation. Therefore, impurity region formation through va-
por phase growth is particularly effective in a low-con-
centration region. Furthermore, it is possible to a co-
doped film as thin as 5 nm, for example, through vapor
phase growth.
[0050] Vapor phase growth also has the advantage
that defects in crystals are not easily formed in regions
containing impurities at high densities. In the case of ion
implantation, defects in crystals increase as the amount
of introduced impurities becomes larger, and recovery
through a heat treatment or the like also becomes difficult.
By vapor phase growth, trimers are formed during the
growth, and defects due to impurity implantation are
hardly formed. In view of this, impurity region formation
through vapor phase growth is effective in regions having
impurity densities of 1 3 1019 cm-3 or higher, or more
preferably, 1 3 1020 cm-3 or higher, for example.
[0051] As described above, vapor phase growth has
effects that cannot be achieved by ion implantation. How-
ever, impurity regions that are locally co-doped can be
formed through ion implantation. Also, co-doped impurity
regions can be formed at low costs. Therefore, either
vapor phase growth or ion implantation should be used
where appropriate.
[0052] When trimers are to be formed at the time of
crystal growth from a vapor phase, the densities of the
p-type and n-type impurities are preferably 1 3 1015 cm-3

or higher. Further, so as to facilitate the trimer formation,
the impurity densities are preferably 1 3 1016 cm-3 or
higher.
[0053] When trimers are formed, the upper limit of im-
purity densities may exceed the solid solubility limit of
cases where trimers are not formed. This is because,
when trimers are formed, strain in crystals is relaxed, and
the impurities are easily solved.
[0054] The impurity solid solubility limit in a case where
trimers are not formed is on the order of 1019 cm-3 in the

case of N, and is on the order of 1021 cm-3 even in the
case of Al. As for the other impurities, the solid solubility
limit is on the order of approximately 1021 cm-3.
[0055] When only one type of impurity is used, the size
of the impurity is either small or large. Therefore, strain
accumulates, and impurity cannot easily enter lattice
points. As a result, activation cannot be caused. Partic-
ularly, in the case of ion implantation, a large number of
defects are formed, and the solid solubility limit becomes
even lower.
[0056] However, when trimers are formed, both Al and
N can be implanted on the order of approximately 1022

cm-3. As strain can be relaxed by forming trimers with
one of the four combinations of Al and N, Ga and N, In
and N, and B and P, the solid solubility limit can be ex-
tended. As a result, the impurity solid solubility limit can
be extended to the order of 1022 cm-3.
[0057] In a case where the impurity is B, Al, Ga, In, or
P, strain is large, and a large number of defects exist, if
the impurity concentration is 1 3 1020 cm-3 or higher, or
more particularly, 6 3 1020 cm-3 or higher. As a result,
sheet resistance or resistivity becomes very high.
[0058] However, co-doping with the p-type impurity
and the n-type impurity can reduce defects even in re-
gions having such high impurity densities.
[0059] When an impurity is N, the solid solubility limit
is further lowered by one digit to approximately 2 3 1019

cm-3. According to the first principle calculation, this is
probably because defects of inactive interstitial N are
formed.
[0060] As trimers are formed, the upper limit of the N
concentration is dramatically increased from the order of
1019 cm-3 to the order of 1022 cm-3. In a case where an
n-type region doped at a high concentration is formed,
nitrogen cannot be normally used, and P ions are im-
planted at approximately 1020 cm-3. In this embodiment,
however, an n-type region doped at a high concentration
can be formed by using nitrogen. For example, N is im-
planted at 2 3 1020 cm-3, and Al is implanted at 1 3 1020

cm-3. It has been difficult to use nitrogen, but nitrogen
can be used in this embodiment.
[0061] As described above, both the p-type impurity
and the n-type impurity are implanted, and an appropriate
combination of covalent radii is selected, so that trimers
can be formed. The structure is then stabilized, and strain
can be reduced.
[0062] As a result, (1) the respective impurities can
easily enter lattice points, (2) the process temperature
can be lowered, and a temperature decrease of at least
100°C can be expected, (3) the amount of impurities that
can be activated increases (the upper limit increases),
(4) stable structures such as trimers or pair structures
are formed, and entropy is increased and crystal defects
are reduced with the structures, and (5) as the trimers
are stable, revolutions around the bonds that bind the p-
type impurity and the n-type impurity become difficult,
and the structures are immobilized. Accordingly, ener-
gization breakdown tolerance becomes dramatically
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higher. For example, when trimeric structures are formed
in at least part of the p-type impurity region and the n-
type impurity region of a pn junction, energization break-
down is restrained, and an increase in resistance can be
avoided. As a result, a degradation phenomenon (Vf deg-
radation) in which the applied voltage (Vf) required in
applying a certain amount of current can be restrained.
[0063] As described above, pairing between Al and N
can be caused by co-doping with Al as the p-type impurity
and N as the n-type impurity. Furthermore, it has become
apparent from the first principle calculation that both ac-
ceptor levels and donor levels can be made shallower at
this point.
[0064] FIGS. 5 and 6 are diagrams for explaining the
function of co-doping. FIG. 5 illustrates a case of n-type
SiC, and FIG. 6 illustrates a case of p-type SiC. White
circles represent empty levels not filled with electrons,
and black circles represent levels filled with electrons.
[0065] The reason that the donor levels become shal-
lower is that the empty level located within the conduction
band of Al as the acceptor interacts with the donor levels
of N, and the donor levels are raised, as shown in FIG.
5. Likewise, the reason that the acceptor levels become
shallower is that the level that is filled with electrons and
is located within the valence band of N as the donor in-
teracts with the acceptor levels of Al, and the acceptor
levels are lowered, as shown in FIG. 6.
[0066] Normally, N or P (phosphorus) as the n-type
impurity forms donor levels that are as deep as 42 to 95
meV. B, Al, Ga, or In as the p-type impurity forms very
deep acceptor levels of 160 to 300 meV. If trimers are
formed, on the other hand, the n-type impurity can form
donor levels of 35 meV or less, and the p-type impurity
can form acceptor levels of 100 meV or less.
[0067] In an optimum state where trimers are com-
pletely formed, n-type N or P forms a level of approxi-
mately 20 meV, and p-type B, Al, Ga, or In forms a level
of approximately 40 meV. As such shallow levels are
formed, most of the activated impurities turn into carriers
(free electrons and free holes). Accordingly, the bulk re-
sistance becomes one or more digits lower than that in
a case where co-doping is not performed.
[0068] In the case of n-type SiC, the donor levels that
contribute to carrier generation becomes 40 meV or less,
and as a result, the resistance becomes lower than that
in a case where co-doping is not performed. Also, as the
donor levels become 35 meV or less, the resistance is
lowered by one digit. As the donor levels become 20 meV
or less, the resistance is lowered by approximately two
digits. However, a strain relaxation effect and a doping
upper limit extension effect are also achieved.
[0069] In the case of p-type SiC, the acceptor levels
that contribute to carrier generation becomes 150 meV
or less, and as a result, the resistance becomes lower
than that in a case where co-doping is not performed.
Also, as the acceptor levels become 100 meV or less,
the resistance is lowered by one digit. As the acceptor
levels become 40 meV or less, the resistance is lowered

by approximately two digits. However, a strain relaxation
effect and a doping upper limit extension effect are also
achieved.
[0070] When the Al concentration and the N concen-
tration are the same (N : Al = 1 : 1), an insulator is formed,
because there are no carriers though there are shallow
levels. Carriers that are equivalent to a difference be-
tween the Al concentration and the N concentration are
generated. To form a low-resistance semiconductor, a
concentration difference is required.
[0071] When the N concentration is higher than the Al
concentration (N concentration > Al concentration), extra
N generated as a result of formation of Al-N pairs through
interaction is also stabilized by displacing C located in
the vicinities of the Al-N pairs. Accordingly, shallow donor
levels are formed. Also, strain is relaxed. Accordingly,
the N concentration can be made higher than that in a
case where trimers are not formed.
[0072] FIG. 7 is a diagram showing the relationship
between Al and N densities and sheet resistance in the
case of n-type SiC. The N concentration is 2 3 1020 cm-3.
When only N is implanted, the sheet resistance cannot
be lowered even if the concentration of the implanted N
is 1 3 1019 cm-3 or higher. The value is approximately
300 Ω/h.
[0073] While "N concentration : Al concentration" is
changing from 1:1 to 2 : 1, trimers are formed without
strain, and the number of carrier electrons in the shallow
donor levels increases. Accordingly, the sheet resistance
rapidly decreases.
[0074] When the ratio reaches 2 : 1, the maximum
amount of carriers is available, and the sheet resistance
becomes lowest. As shown in FIG. 7, the sheet resistance
can be lowered down to approximately 1.5 Ω/h. The con-
tact resistance to n-type SiC can also be lowered from
approximately 10-5 Ωcm3 to approximately 10-7 Ωcm3 by
making "N concentration : Al concentration" equal to 2 :
1 and increasing the difference between the N concen-
tration and the Al concentration from 1020 cm-3 to 1022

cm-3.
[0075] Furthermore, if the ratio of the N concentration
becomes higher than 2 : 1, the original deep donor levels
are formed by the extra N that exceeds "N concentration :
Al concentration = 2 : 1". The donor levels receive carrier
electrons, and the shallow donor levels formed with trim-
ers becomes empty. The excess N left out from "N
concentration : Al concentration = 2 : 1" is similar to N
introduced independently. Therefore, strain relaxation is
difficult. As a result, the sheet resistance rapidly increas-
es as shown in FIG. 7.
[0076] In FIG. 7, the target for comparison is the sheet
resistance (approximately 300 Ω/h in this case) in a case
where N (nitrogen) as the n-type impurity is implanted
almost up to the solid solubility limit when co-doping with
Al is not performed, and changes in the sheet resistance
value seen when "N concentration : Al concentration" is
changed from 2 : 1 are shown.
[0077] The following description centers around "Al
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concentration/N concentration = 0.5", at which trimer
structures are formed. In a case where "Al concentra-
tion/N concentration" is not lower than 0.47 and not high-
er than 0.60 (100% of the carriers of 8 3 1019 cm-3 or
higher being free carriers), or where the p-type impurity
at 47 to 60% with respect to the n-type impurity is im-
planted, the sheet resistance is two digits lower than the
sheet resistance obtained in a case co-doping with Al is
not performed. Such a concentration ratio is highly ad-
vantageous. When the ratio is lower than 0.5, shallow
levels decrease, and strain is caused. As a result, the
number of free carriers decreases, and carriers equiva-
lent to 8 3 1019 cm-3 are obtained when the ratio is ap-
proximately 0.47.
[0078] In a case where the range is widened in both
directions, and "Al concentration/N concentration" is not
lower than 0.45 and not higher than 0.75 (100% of the
carriers of 5 3 1019 cm-3 or higher being free carriers),
or where Al at 45 to 75% with respect to N is implanted,
the sheet resistance ranges from a two-digit-lower resist-
ance to a resistance almost three times higher than the
two-digit-lower resistance. When the ratio is lower than
0.5, shallow levels decrease, and strain is caused. As a
result, the number of free carriers decreases, and carriers
equivalent to 5 3 1019 cm-3 are obtained when the ratio
is approximately 0.45. In a case where the range is further
widened in both directions and "Al concentration/N con-
centration" is higher than 0.40 but lower than 0.95 (100%
of the carriers of 1 3 1019 cm-3 or higher being free car-
riers), or where Al at 40 to 95% with respect to N is im-
planted, the sheet resistance becomes one digit lower.
When the ratio is lower than 0.5, shallow levels decrease,
and strain is caused. As a result, the number of free car-
riers decreases, and carriers equivalent to 1 3 1019 cm-3

are obtained when the ratio is approximately 0.40.
[0079] Better characteristics are achieved on the side
where Al at 50% or more with respect to N is implanted,
because strain is sufficiently relaxed. The 50% state is
the state where two N atoms and one Al atom are clus-
tered to form a trimer. When the ratio is lower than 50%,
trimers are formed, and extra N exists. Since there is N
that cannot form trimers, an equivalent amount of strain
accumulates. N that cannot form trimers is the same as
that introduced independently, and reaches the limit of
strain in no time. When the amount of Al is lower than
50%, strain rapidly occurs, and lattice defects increase.
Therefore, the sheet resistance rapidly deteriorates
when the ratio is lower than 50%, compared with that in
a case where the ratio is 50% or higher at which strain
can be relaxed.
[0080] At this point, "Al concentration/N concentration"
is 0.995, and the number of carriers is almost the same
as that in a case where co-doping is not performed. Since
100% of the carriers of 1 3 1018 cm-3 or higher, which is
0.5% of 2 3 1020 cm-3, are free carriers, the sheet resist-
ance to be obtained with conventional nitrogen doping
can be realized. Accordingly, the sheet resistance is al-
most the same as that in a case where co-doping is not

performed. In a case where "Al concentration/N concen-
tration" is 0.33 or where "N concentration : Al concentra-
tion" is 3 : 1, all carrier electrons are received not by shal-
low donor levels formed with trimers but by deep donor
levels formed with extra N. Accordingly, the sheet resist-
ance is almost the same as that in a case where co-
doping is not performed. Therefore, the resistance is low-
ered by co-doping in cases where "Al concentration/N
concentration" is higher than 0.33 but lower than 0.995,
or where Al at 33 to 99.5% with respect to N is implanted.
With the margin of error being taken into account, it can
be considered that the ratio of Al to N is higher than 33%
but lower than 100%.
[0081] When the Al concentration is higher than the N
concentration (Al concentration > N concentration), extra
Al generated as a result of formation of Al-N pairs through
interaction is also stabilized by displacing Si located in
the vicinities of the Al-N pairs. Accordingly, shallow ac-
ceptor levels are formed. Also, strain is relaxed. Accord-
ingly, the Al concentration can be made higher than that
in a case where trimers are not formed. This case can
be considered to be the same as the case where the N
concentration is higher than the Al concentration.
[0082] FIG. 8 is a diagram showing the relationship
between N and Al densities and sheet resistance in the
case of p-type SiC. The Al concentration is 2 3 1020 cm-3.
[0083] While "Al concentration : N concentration" is
changing from 1 : 1 to 2 : 1, trimers are formed without
strain, and the number of carrier holes in the shallow
acceptor levels increases. Accordingly, the sheet resist-
ance decreases.
[0084] When the ratio reaches 2 : 1, the maximum
amount of carriers is available, and the sheet resistance
becomes lowest. As shown in FIG. 8, the sheet resistance
can be lowered down to approximately 40 Ω/h. The con-
tact resistance to p-type SiC can also be lowered from
approximately 10-5 Ωcm3 to approximately 10-7 Ωcm3 by
making "Al concentration : N concentration" equal to 2 :
1 and increasing the difference between the Al concen-
tration and the N concentration from 1020 cm-3 to 1022

cm-3.
[0085] Furthermore, if the ratio of the Al concentration
becomes higher than 2 : 1, the original deep acceptor
levels are formed by the extra Al that exceeds "Al
concentration : N concentration = 2 : 1 ". The acceptor
levels receive carrier holes, and the shallow acceptor lev-
els formed with trimers are filled with electrons. The ex-
cess Al left out from "Al concentration : N concentration
= 2 : 1" is similar to N introduced independently. There-
fore, strain relaxation is difficult. As a result, the sheet
resistance rapidly increases as shown in FIG. 8.
[0086] In FIG. 8, the target for comparison is the sheet
resistance (approximately 10 KΩ/h in this case) in a case
where Al (aluminum) as the p-type impurity is implanted
almost up to the solid solubility limit when co-doping with
N is not performed, and changes in the sheet resistance
value seen when "Al concentration : N concentration" is
changed from 2 : 1 are shown.
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[0087] The following description centers around "N
concentration/Al concentration = 0.5", at which trimer
structures are formed. In a case where "N concentra-
tion/Al concentration" is not lower than 0.47 and not high-
er than 0.60 (100% of the carriers of 8 3 1019 cm-3 or
higher being free carriers), or where the n-type impurity
at 47 to 60% with respect to the p-type impurity is im-
planted, the sheet resistance is two digits lower than the
sheet resistance obtained in a case co-doping with N is
not performed. Such a concentration ratio is highly ad-
vantageous. When the ratio is lower than 0.5, shallow
levels decrease, and strain is caused. As a result, the
number of free carriers decreases, and carriers equiva-
lent to 8 3 1019 cm-3 are obtained when the ratio is ap-
proximately 0.47.
[0088] In a case where the range is widened in both
directions, and "N concentration/Al concentration" is not
lower than 0.45 and not higher than 0.75 (100% of the
carriers of 5 3 1019 cm-3 or higher being free carriers),
or where N at 45 to 75% with respect to Al is implanted,
the sheet resistance ranges from a two-digit-lower resist-
ance to a resistance almost three times higher than the
two-digit-lower resistance. When the ratio is lower than
0.5, shallow levels decrease, and strain is caused. As a
result, the number of free carriers decreases, and carriers
equivalent to 5 3 1019 cm-3 are obtained when the ratio
is approximately 0.45. In a case where the range is further
widened in both directions and "N concentration/Al con-
centration" is higher than 0.40 but lower than 0.95 (100%
of the carriers of 1 3 1019 cm-3 or higher being free car-
riers), or where N at 40 to 95% with respect to Al is im-
planted, the sheet resistance becomes one digit lower.
When the ratio is lower than 0.5, shallow levels decrease,
and strain is caused. As a result, the number of free car-
riers decreases, and carriers equivalent to 1 3 1019 cm-3

are obtained when the ratio is approximately 0.40.
[0089] Better characteristics are achieved on the side
where N at 50% or more with respect to Al is implanted,
because strain is sufficiently relaxed. When N is less than
50%, on the other hand, trimers formed with one N atom
and two Al atoms that are clustered account for 50% of
the entire structure, and further, Al exists therein. Since
there is Al that cannot form trimers, an equivalent amount
of strain accumulates. When the amount of N is lower
than 50%, strain rapidly occurs, and lattice defects in-
crease. Therefore, the sheet resistance rapidly deterio-
rates when the ratio is lower than 50%, compared with
that in a case where the ratio is 50% or higher at which
strain can be relaxed.
[0090] At this point, "N concentration/Al concentration"
is 0.995, and the number of carriers is almost the same
as that in a case where co-doping is not performed. Since
100% of the carriers of 1 3 1018 cm-3 or higher, which is
0.5% of 2 3 1020 cm-3, are free carriers, the sheet resist-
ance to be obtained with conventional Al doping can be
realized. Accordingly, the sheet resistance is almost the
same as that in a case where co-doping is not performed.
In a case where "N concentration/Al concentration" is

0.33 or where "Al concentration : N concentration" is 3 :
1, all carrier holes are received not by shallow acceptor
levels formed with trimers but by deep acceptor levels
formed with extra Al. Accordingly, the sheet resistance
is almost the same as that in a case where co-doping is
not performed. Therefore, a resistance lowering effect is
achieved by co-doping in cases where "N concentra-
tion/Al concentration" is higher than 0.33 but lower than
0.995, or where N at 33 to 99.5% with respect to Al is
implanted. With the margin of error being taken into ac-
count, it can be considered that the ratio of N to Al is
higher than 33% but lower than 100%.
[0091] When co-doping is not performed, a low-resist-
ance SiC semiconductor material containing impurities
having low densities of 1 3 1018 cm-3 or lower cannot
exist. However, when trimers are formed by co-doping,
shallow levels are formed, and the number of carriers
increases. Accordingly, a reduction in resistance can be
achieved with small amounts of impurities.
[0092] Co-doping with the p-type impurity and the n-
type impurity at an appropriate ratio as described above
can achieve at least two notable effects.
[0093] First, strain is relaxed, and SiC with less strain
can be formed. Compared with a case where co-doping
is not performed, strain is smaller, the number of defects
is smaller, and larger amounts of impurities can be im-
planted. That is, the solid solubility limits of impurities can
be raised. Accordingly, the sheet resistance, the resis-
tivity, and the contact resistance are lowered. As fewer
defects are formed by either ion implantation or epitaxial
growth, dosing of large amounts of impurities can be per-
formed.
[0094] Secondly, shallow levels can be formed. Com-
pared with a case where co-doping is not performed, a
low-resistance material can be formed with smaller
amounts of impurities. Alternatively, a sheet resistance
that is one or more digits lower can be achieved with the
same amounts of impurities as those in a case where co-
doping is not performed. In a region that can be formed
through epitaxial growth and contains a low-dose impu-
rity, the resistance becomes higher unless co-doping is
performed. However, low-resistance SiC can be formed
when co-doping is performed. Accordingly, an SiC sem-
iconductor device having a lower ON resistance can be
manufactured.
[0095] In the MOSFET 100 of this embodiment, the
p+-type third SiC region (the p-well contact region) 20 is
co-doped with a p-type impurity such as Al and an n-type
impurity such as N. As a result, the sheet resistance and
the resistivity of the p+-type third SiC region 20 are low-
ered. Also, the contact resistance between the third SiC
region 20 and the first electrode 24 is lowered. Accord-
ingly, the p-well potential (the channel potential) is sta-
bilized, and the high-performance MOSFET 100 is real-
ized.
[0096] As trimers are formed, the crystalline structures
are stabilized, and crystal defects decrease. Accordingly,
the MOSFET 100 having smaller leak current is realized.
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Furthermore, as the crystalline structures are stabilized,
the MOSFET 100 that has excellent energization break-
down tolerance is realized. Particularly, the body diode
incorporated into the MOSFET 100 has high reliability in
tolerance to deterioration due to energization.
[0097] As for deterioration due to energization, there
is a mode in which crystal defects having 3C structures
are formed, and the resistance becomes higher. With the
co-doped structure of this embodiment, the crystals are
stable, and such a mode does not appear. Accordingly,
a highly-reliable body diode that does not cause the re-
sistance increasing mode to appear can be formed.
[0098] The concentration of the p-type impurity con-
tained in the third SiC region 20 is not lower than 1 3
1018 cm-3 and not higher than 1 3 1022 cm-3. If the con-
centration is lower than the range, interaction between
the p-type impurity and the n-type impurity does not easily
occur, and trimers might not be formed, particularly when
co-doping is performed through ion implantation. This is
also because it is difficult to solve the p-type impurity
having a concentration higher than the range.
[0099] So as to sufficiently lower the sheet resistance
or the resistivity of the third SiC region 20 and the contact
resistance between the third SiC region 20 and the first
electrode 24, and sufficiently stabilize the p-well poten-
tial, the concentration of the p-type impurity contained in
the third SiC region 20 is preferably 1 3 1020 cm-3 or
higher.
[0100] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
third SiC region 20, the ratio of the concentration of the
element D to the concentration of the element A is higher
than 0.33 but lower than 0.995, so as to sufficiently lower
the sheet resistance or the resistivity of the third SiC re-
gion 20 and the contact resistance between the third SiC
region 20 and the first electrode 24, and sufficiently sta-
bilize the p-well potential. Also, the ratio of the concen-
tration of the element D to the concentration of the ele-
ment A is preferably higher than 0.40 but lower than 0.95.
More preferably, the ratio is not lower than 0.45 and not
higher than 0.75. Even more preferably, the ratio is not
lower than 0.47 and not higher than 0.60.
[0101] The ratio of the concentration of the element D
to the concentration of the element A can be calculated
by determining the respective densities of the element A
and the element D by SIMS (Secondary Ion Microprobe
Spectrometry), for example.
[0102] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
third SiC region 20, the acceptor levels that contribute to
generation of carriers of the element A are preferably 150
meV or less, so as to reduce the sheet resistance or the
resistivity. More preferably, the acceptor levels are 100
meV or less. Even more preferably, the acceptor levels
are 40 meV or less.
[0103] The acceptor levels of the element A can be
determined by measuring the activation energy of the
sheet resistance or the resistivity of the third SiC region

20 or the contact resistance between the third SiC region
20 and the first electrode 24.
[0104] So as to sufficiently lower the sheet resistance
or the resistivity of the third SiC region 20 and the contact
resistance between the third SiC region 20 and the first
electrode 24, and sufficiently stabilize the p-well poten-
tial, most of the p-type impurity and the n-type impurity
preferably forms trimers. Therefore, 90% or more of the
element D is preferably in the lattice site locations nearest
to the element A. If 90% or more of the element D is in
the lattice site locations nearest to the element A, most
of the p-type impurity and the n-type impurity (90% or
more of the part that can form trimers) can be considered
to form trimers.
[0105] The proportion of the element D in the lattice
site locations nearest to the element A can be determined
by analyzing the binding state between the element A
and the element D by XPS (X-ray Photoelectron Spec-
troscopy).
[0106] Next, a method of manufacturing the semicon-
ductor device of this embodiment is described.
[0107] By the method of manufacturing the semicon-
ductor device of this embodiment, a p-type impurity and
an n-type impurity are implanted into SiC through ion
implantation, to form a p-type SiC region. Where the p-
type impurity is the element A and the n-type impurity is
the element D, the element A and the element D form a
combination of Al (aluminum), Ga (gallium), or In (indium)
and N (nitrogen), and/or a combination of B (boron) and
P (phosphorus). The ratio of the dose amount of the el-
ement D to the dose amount of the element A in the above
combination is higher than 0.33 but lower than 0.995.
The ratio of the projected range (Rp) at the time of ion
implantation of the n-type impurity to the projected range
(Rp) at the time of ion implantation of the p-type impurity
is in the range of 90% to 110%. Further, the concentration
of the element A forming part of the above combination
in the p-type SiC region is not lower than 1 3 1018 cm-3

and not higher than 1 3 1022 cm-3.
[0108] FIG. 9 is a process flowchart showing an exam-
ple of the method of manufacturing the semiconductor
device of this embodiment. FIGS. 10 through 14 are sche-
matic cross-sectional views illustrating the method of
manufacturing the semiconductor device of this embod-
iment.
[0109] As shown in FIG. 9, the method of manufactur-
ing the semiconductor device includes nSiC layer forma-
tion (step S100), p-type impurity ion implantation (step
S102), n-type impurity ion implantation (step S104), p-
type impurity ion implantation (step S106), n-type impu-
rity ion implantation (step S108), annealing (step S110),
gate insulating film formation (step S112), gate electrode
formation (step S114), interlayer film formation (step
S116), first electrode formation (step S118), second elec-
trode formation (step S120), and annealing (step S122).
[0110] First, the n-type SiC substrate 12 that contains
P (phosphorus) or N (nitrogen) as the n-type impurity at
an impurity concentration of approximately 5 3 1018
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cm-3, has a thickness of 300 mm, and has a low resistance
of 4H-SiC, is prepared.
[0111] In step S100, the high-resistance n--SiC layer
14 that contains N as the n-type impurity at an impurity
concentration of approximately 1 3 1016 cm-3 and has a
thickness of approximately 10 mm is epitaxially grown on
one of the faces of the SiC substrate 12 by an epitaxial
growth technique.
[0112] After that, patterning is performed by photoli-
thography and etching, to form a first mask material 42
that is made of SiO2, for example. In step S102, Al as
the p-type impurity is implanted into the n--SiC layer 14
through ion implantation by using the first mask material
42 as an ion implantation mask, to form the first SiC region
(the p-well region) 16 (FIG. 10).
[0113] After that, patterning is performed by photoli-
thography and etching, to form a second mask material
44 that is made of SiO2, for example. In step S104, N as
the n-type impurity is implanted into the n--SiC layer 14
through ion implantation by using the second mask ma-
terial 44 as an ion implantation mask, to form the second
SiC region (the source region) 18 (FIG. 11).
[0114] After that, patterning is performed by photoli-
thography and etching, to form a third mask material 46
that is made of SiO2, for example. In step S106, Al as
the p-type impurity is implanted into the n--SiC layer 14
through ion implantation by using the third mask material
46 as an ion implantation mask, to form the third SiC
region (the p-well contact region) 20 (FIG. 12).
[0115] Further, in step S108, N as the n-type impurity
is implanted into the p-well contact region 20 through ion
implantation by using the same third mask material 46
as an ion implantation mask (FIG. 13).
[0116] In this manner, in steps S106 and S108, co-
doping is performed through ion implantation of the p-
type impurity and the n-type impurity, to form the p-well
contact region 20. Although the p-type impurity is Al and
the n-type impurity is N in this example, the element A
and the element D form a combination of Al (aluminum),
Ga (gallium), or In (indium) and N (nitrogen), and/or a
combination of B (boron) and P (phosphorus) in a case
where the p-type impurity is the element A and the n-type
impurity is the element D.
[0117] To form trimers through interaction between the
p-type impurity and the n-type impurity in the p-well con-
tact region 20, the distribution of the p-type impurity and
the distribution of the n-type impurity that are multiplied
by a certain percentage are substantially the same in
respective locations in the film thickness direction after
the ion implantation. Specifically, in the respective loca-
tions, conditions for implantation are set so that the ratio
between the p-type impurity and the n-type impurity be-
comes a certain ratio (Al amount : N amount = 2 : 1, for
example).
[0118] Therefore, the ratio of the projected range (Rp)
at the time of ion implantation of the n-type impurity to
the projected range (Rp) at the time of ion implantation
of the p-type impurity is set within the range of 90% to

110%. More preferably, the ratio is in the range of 95%
to 105%.
[0119] The diffusion length of an impurity in SiC is
shorter than that in Si. Therefore, the projected ranges
(Rp) of the p-type impurity and the n-type impurity may
be made to differ from each other, and the p-well contact
region 20 may be formed by performing ion implantation
in stages divided in accordance with the projected ranges
(Rp). As a result, a p-well contact region 20 that has a
more uniform impurity concentration distribution in the
depth direction can be formed.
[0120] So as to lower the sheet resistance or the re-
sistivity of the p-well contact region 20, the ratio of the
dose amount of N as the n-type impurity to the dose
amount of Al as the p-type impurity is higher than 0.33
but lower than 0.995.
[0121] Also, so as to lower the sheet resistance or the
resistivity of the p-well contact region 20 through inter-
action between the p-type impurity and the n-type impu-
rity, the dose amounts at the time of ion implantation are
controlled so that the concentration of Al as the p-type
impurity becomes not lower than 1 3 1018 cm-3 and not
higher than 1 3 1022 cm-3.
[0122] In step S110, after the p-well contact region 20
is formed by performing co-doping through ion implanta-
tion of the p-type impurity and the n-type impurity, an-
nealing for activation is performed. The conditions for the
annealing are that an argon (Ar) gas is used as an at-
mosphere gas, the heating temperature is 1600°C, and
the heating period is 30 minutes, for example. At this
point, the impurities implanted into the SiC can be acti-
vated, but diffusion is small.
[0123] In step S112, the gate insulating film 28 that is
formed with an SiO2 film, for example, is formed by CVD
(Chemical Vapor Deposition) or thermal oxidation. In step
S114, the gate electrode 30 that is made of polysilicon,
for example, is formed on the gate insulating film 28. In
step S116, the interlayer insulating film 32 that is formed
with an SiO2 film, for example, is formed on the gate
electrode 30 (FIG. 14).
[0124] In step S118, the conductive first electrode (the
source/p-well common electrode) 24 that is electrically
connected to the second SiC region (the source region)
18 and the third SiC region (the p-well contact region) 20
is formed. The first electrode (the source/p-well common
electrode) 24 is formed by Ni (nickel) and Al sputtering,
for example.
[0125] In step S120, the conductive second electrode
(the drain electrode) 36 is formed on the side of the sec-
ond face of the n-SiC substrate 12. The second electrode
(the drain electrode) 36 is formed by Ni sputtering, for
example.
[0126] In step S122, annealing at a low temperature is
performed to lower the contact resistance between the
first electrode 24 and the second electrode 36. The an-
nealing is performed in an argon gas atmosphere at
400°C, for example.
[0127] By the above described manufacturing method,
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the MOSFET 100 shown in FIG. 1 is formed.
[0128] According to the manufacturing method in this
embodiment, the p+-type third SiC region (the p-well con-
tact region) 20 is co-doped with a p-type impurity such
as Al and an n-type impurity such as N. Accordingly, the
sheet resistance or the resistivity of the p+-type third SiC
region 20 is lowered. Also, the contact resistance be-
tween the third SiC region 20 and the first electrode 24
is lowered. Accordingly, the p-well potential (the channel
potential) is stabilized, and the high-performance MOS-
FET 100 can be manufactured.
[0129] Also, the respective impurities can easily enter
lattice points by virtue of the co-doping with the p-type
impurity and the n-impurity. Accordingly, the temperature
of the activating anneal in step S110 can be made lower
than that in a case where co-doping is not performed.
[0130] Further, the crystalline structures are stabilized
by the formation of trimers or pair structures, and char-
acteristics degradation due to expansion of crystal de-
fects formed at the time of ion implantation into SiC can
be restrained.

(Second Embodiment)

[0131] A semiconductor device of this embodiment is
the same as that of the first embodiment, except that the
n+-type second SiC region is also co-doped with a p-type
impurity and an n-type impurity. Therefore, the same ex-
planations as those in the first embodiment will not be
repeated.
[0132] The semiconductor device of this embodiment
is the same as the MOSFET 100 shown in FIG. 1, except
that the n+-type second SiC region (the source region)
18 is co-doped with a p-type impurity and an n-type im-
purity. Where the p-type impurity is an element A and the
n-type impurity is an element D in the second SiC region
(the source region) 18, the element A and the element
D form a combination of Al (aluminum), Ga (gallium), or
In (indium) and N (nitrogen), and/or a combination of B
(boron) and P (phosphorus). For example, the element
A is Al, and the element D is N.
[0133] In the MOSFET of this embodiment, the n+-type
second SiC region (the source region) 18 is co-doped
with a p-type impurity such as Al and an n-type impurity
such as N. As a result, the sheet resistance or the resis-
tivity of the n+-type second SiC region (the source region)
18 is lowered. Also, the contact resistance between the
second SiC region (the source region) 18 and the first
electrode 24 is lowered. Accordingly, in addition to the
same effects as those of the first embodiment, a reduction
in the ON resistance is achieved, and the higher-perform-
ance MOSFET 100 is realized.
[0134] The concentration of the n-type impurity con-
tained in the second SiC region (the source region) 18
is not lower than 1 3 1018 cm-3 and not higher than 1 3
1022 cm-3. If the concentration is lower than the range,
there is a possibility that interaction between the p-type
impurity and the n-type impurity does not occur, and trim-

ers are not formed, particularly when co-doping is per-
formed through ion implantation. This is also because it
is difficult to solve the n-type impurity having a concen-
tration higher than the range.
[0135] So as to sufficiently lower the sheet resistance
or the resistivity of the second SiC region (the source
region) 18 and the contact resistance between the sec-
ond SiC region (the source region) 18 and the first elec-
trode 24, and lower the ON resistance, the concentration
of the n-type impurity contained in the second SiC region
(the source region) 18 is preferably 1 3 1020 cm-3 or
higher.
[0136] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
second SiC region (the source region) 18, the ratio of the
concentration of the element A to the concentration of
the element D is higher than 0.33 but lower than 0.995,
so as to achieve the effects of co-doping. Also, so as to
sufficiently lower the sheet resistance or the resistivity of
the second SiC region (the source region) 18 and the
contact resistance between the second SiC region (the
source region) 18 and the first electrode 24, and lower
the ON resistance, the ratio of the concentration of the
element A to the concentration of the element D is pref-
erably higher than 0.40 but lower than 0.95. More pref-
erably, the ratio is not lower than 0.45 and not higher
than 0.75. Even more preferably, the ratio is not lower
than 0.47 and not higher than 0.60.
[0137] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
second SiC region (the source region) 18, the donor lev-
els that contribute to generation of carriers of the element
D is preferably 40 meV or less, so as to reduce the sheet
resistance or the resistivity. More preferably, the donor
levels are 35 meV or less. Even more preferably, the
donor levels are 20 meV or less.
[0138] So as to sufficiently lower the sheet resistance
or the resistivity of the second SiC region (the source
region) 18 and the contact resistance between the sec-
ond SiC region (the source region) 18 and the first elec-
trode 24, and lower the ON resistance, most of the p-
type impurity and the n-type impurity preferably forms
trimers. Therefore, 90% or more of the element D is pref-
erably in the lattice site locations nearest to the element
A. If 90% or more of the element D is in the lattice site
locations nearest to the element A, most of the p-type
impurity and the n-type impurity (90% or more of the part
that can form trimers) can be considered to form trimers.
[0139] Next, a method of manufacturing the semicon-
ductor device of this embodiment is described.
[0140] FIG. 15 is a flowchart showing an example of
the method of manufacturing the semiconductor device
of this embodiment. FIG. 16 is a schematic cross-sec-
tional view illustrating the method of manufacturing the
semiconductor device of this embodiment.
[0141] As shown in FIG. 15, the method of manufac-
turing the semiconductor device is the same as the meth-
od of the first embodiment, except for further including
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p-type impurity ion implantation (step S105) after the n-
type impurity ion implantation (step S104).
[0142] In step S105, Al as the p-type impurity is im-
planted into the second SiC region (the source region)
18 through ion implantation by using the same second
mask material 44 as that used in step S104 as an ion
implantation mask (FIG. 16).
[0143] So as to sufficiently lower the sheet resistance
or the resistivity of the second SiC region (the source
region) 18 and the contact resistance between the sec-
ond SiC region (the source region) 18 and the first elec-
trode 24, and lower the ON resistance, the ratio of the
dose amount of Al as the p-type impurity to the dose
amount of N as the n-type impurity is higher than 0.33
but lower than 0.995. From the same viewpoint as above,
the dose amounts are controlled so that the concentration
of N as the n-type impurity becomes not lower than 1 3
1018 cm-3 and not higher than 1 3 1022 cm-3.
[0144] Step S106 and the process thereafter are the
same as those in the first embodiment.
[0145] According to the manufacturing method of this
embodiment, in addition to the effects of the first embod-
iment, a reduction in the ON resistance is achieved, and
the higher-performance MOSFET 100 can be manufac-
tured.
[0146] In the first and second embodiments, the p-type
first SiC region (the p-well region) 16 containing the p-
type impurity at an impurity concentration of approxi-
mately 5 3 1015 to 1 3 1017 cm-3 is formed in part of the
surface of the n--SiC layer 14, and serves as the channel
region of the MOSFET. If dopant at 1 3 1018 cm-3 or
higher can be implanted, co-doping may be performed
in this region as in the p-well contact region.
[0147] Normally, when the concentration of the p-type
dopant in the channel region is made higher, electron
mobility is degraded. However, strain is relaxed by co-
doping, and higher mobility can be expected accordingly.
Also, SiC normally has carbon defects, and electron trap-
ping occurs at the energy levels, resulting in mobility deg-
radation. However, if the channel region is co-doped, car-
bon defects are buried by n-type dopant (the dopant that
enters C sites, to be accurate), and electron trapping
does not occur. Improvement in mobility is also expected
accordingly.
[0148] However, if dopant at 1 3 1018 cm-3 or higher
is implanted into the channel region, a large threshold
value becomes a problem. If a large threshold value is
allowed, or if the threshold value can be reduced by some
other technique, a high-performance MOSFET can be
obtained by co-doping the p-well region (the channel re-
gion).
[0149] To do so, N and Al are implanted both at 1 3
1018 cm-3 or higher near the interface between the insu-
lating film and the first SiC region while 0.33 < N/Al < 1.0
is maintained, and the difference between the p-type do-
pant and the n-type dopant is adjusted to 1 3 1017 cm-3

or lower in the portion forming the channel (approximately
3 to 5 nm).

[0150] The difference is preferably even smaller near
the interface, and it is more preferable to form a buried
channel. In the interface, the N/Al ratio may be 1.0. Fur-
ther, a region that is 1 to 5 nm and has 1.0 as the N/Al
ratio (since N and Al attract each other, an N/Al ratio in
the range of 0.995 to 1.005 can be adjusted to 1.0) may
be inserted as a buried structure. When there is such a
buried structure, the portion behind the interface serves
as the channel after the burying. The difference between
the p-type dopant and the n-type dopant is gradually in-
creased in the depth direction from the channel location
toward the SiC region, while 0.33 < N/Al < 1.0 is main-
tained. That is, the N/Al ratio is close to 1.0 in the vicinity
of the interface, and is closer to 0.5 in deeper locations.
[0151] At this point, (1) the threshold value is a normal
value between 3 V and 5 V. (2) The mobility becomes
higher as described above. To achieve this, it is critical
that 0.33 < N/Al < 1.0 be maintained in the channel. (3)
As a buried structure is formed, mobility degradation due
to unevenness of the interface is prevented. (4) In the
deepest location in the first SiC region, the concentration
of the p-type dopant can be increased so that the differ-
ence between the p-type dopant and the n-type dopant
becomes 1 3 1018 cm-3 or larger. Accordingly, a device
with a higher withstand voltage can be formed.

(Third Embodiment)

[0152] A semiconductor device of this embodiment in-
cludes an n-type SiC substrate having first and second
faces, and an n-type SiC layer formed on the side of the
first face of the SiC substrate. The semiconductor device
also includes a p-type SiC region that is formed in the
surface of the SiC region, and contains a p-type impurity
and an n-type impurity. Where the p-type impurity is an
element A and the n-type impurity is an element D, the
element A and the element D form a combination of Al
(aluminum), Ga (gallium), or In (indium) and N (nitrogen),
and/or a combination of B (boron) and P (phosphorus).
The ratio (concentration D/concentration A) of the con-
centration of the element D to the concentration of the
element A in the above combination is higher than 0.33
but lower than 0.995, and the concentration of the ele-
ment A forming part of the above combination is not lower
than 1 3 1018 cm-3 and not higher than 1 3 1022 cm-3.
The semiconductor device further includes a first elec-
trode formed on the SiC region, and a second electrode
formed on the side of the second face of the SiC sub-
strate.
[0153] FIG. 17 is a schematic cross-sectional view of
the structure of a PiN diode that is a semiconductor de-
vice of this embodiment. The function and the like of co-
doping with a p-type impurity and an n-type impurity are
the same as those of the first embodiment, and therefore,
explanation of them is not repeated herein.
[0154] This PiN diode 200 includes an SiC substrate
(a silicon carbide substrate) 12 having first and second
faces. In FIG. 17, the first face is the upper face, and the
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second face is the lower face. This SiC substrate 12 is a
4H-SiC substrate (an n-substrate) that contains N (nitro-
gen) as the n-type impurity at an impurity concentration
of approximately 1 3 1018 to 1 3 1019 cm-3, for example.
[0155] An n-type SiC layer (an n--SiC layer) 14 con-
taining the n-type impurity at an impurity concentration
of approximately 5 3 1015 to 2 3 1016 cm-3 is formed on
the first face of the SiC substrate 12. The film thickness
of the n--SiC layer 14 is approximately 5 to 10 mm, for
example.
[0156] A p+-type SiC region 40 is formed on the surface
of the n--SiC layer 14. The p+-type SiC region 40 is co-
doped with the p-type impurity and the n-type impurity.
Where the p-type impurity is the element A and the n-
type impurity is the element D, the element A and the
element D form a combination of Al (aluminum), Ga (gal-
lium), or In (indium) and N (nitrogen), and/or a combina-
tion of B (boron) and P (phosphorus). In the following, an
example case where the element A is Al and the element
D is N is described.
[0157] A conductive first electrode (an anode elec-
trode) 44 that is electrically connected to the p-type SiC
region 40 is provided. The first electrode 44 is formed
with a Ni (nickel) barrier metal layer 44a and an Al metal
layer 44b formed on the barrier metal layer 44a, for ex-
ample. The Ni barrier metal layer 44a and the Al metal
layer 44b may form an alloy through a reaction.
[0158] A conductive second electrode (a cathode elec-
trode) 46 is formed on the side of the second face of the
SiC substrate 12. The second electrode 46 is made of
Ni, for example.
[0159] In the PiN diode 200 of this embodiment, the
p+-type SiC region 40 is co-doped with a p-type impurity
such as Al and an n-type impurity such as N. As a result,
the sheet resistance or the resistivity of the p+-type SiC
region 40 is lowered. Also, the contact resistance be-
tween the p-type SiC region 40 and the first electrode 44
is lowered. Accordingly, the PiN diode 200 with a large
forward current is realized.
[0160] As trimers are formed, the crystalline structures
are stabilized, and crystal defects decrease. Accordingly,
the PiN diode 200 having smaller leak current at the time
of reverse bias application is realized. As the crystalline
structures are stabilized, the high-voltage PiN diode 200
that excels in energization breakdown tolerance and has
little Vf degradation is realized.
[0161] The concentration of the p-type impurity con-
tained in the p+-type SiC region 40 is not lower than 1 3
1018 cm-3 and not higher than 1 3 1022 cm-3. If the con-
centration is lower than the range, there is a possibility
that interaction between the p-type impurity and the n-
type impurity does not occur, and trimers are not formed,
particularly when co-doping is performed through ion im-
plantation. This is also because it is difficult to solve the
p-type impurity having a concentration higher than the
range.
[0162] So as to sufficiently lower the sheet resistance
or the resistivity of the p+-type SiC region 40 and the

contact resistance between the p+-type SiC region 40
and the first electrode 44, the concentration of the p-type
impurity contained in the p+-type SiC region 40 is pref-
erably 1 3 1020 cm-3 or higher.
[0163] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
p+-type SiC region 40, the ratio of the concentration of
the element D to the concentration of the element A is
higher than 0.33 but lower than 0.995, so as to sufficiently
lower the sheet resistance or the resistivity of the p+-type
SiC region 40 and the contact resistance between the
p+-type SiC region 40 and the first electrode 44. Prefer-
ably, the ratio is higher than 0.40 but lower than 0.95.
More preferably, the ratio is not lower than 0.45 and not
higher than 0.75. Even more preferably, the ratio is not
lower than 0.47 and not higher than 0.60.
[0164] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
p+-type SiC region 40, the acceptor levels that contribute
to generation of carriers of the element A are preferably
150 meV or less, so as to achieve the effects of co-doping.
More preferably, the acceptor levels are 100 meV or less.
Even more preferably, the acceptor levels are 40 meV
or less.
[0165] So as to sufficiently lower the sheet resistance
of the p-type SiC region 40 and the contact resistance
between the p-type SiC region 40 and the first electrode
44, most of the p-type impurity and the n-type impurity
preferably forms trimers. Therefore, 90% or more of the
element D is preferably in the lattice site locations nearest
to the element A. If 90% or more of the element D is in
the lattice site locations nearest to the element A, most
of the p-type impurity and the n-type impurity (90% or
more of the part that can form trimers) can be considered
to form trimers.
[0166] The PiN diode 200 of this embodiment can be
formed by co-doping the p+-type SiC region 40 with Al
as the p-type impurity and N as the n-type impurity when
the p+-type SiC region 40 is formed through ion implan-
tation, for example.
[0167] When the p+-type SiC region 40 is formed
through ion implantation, the ratio of the projected range
(Rp) at the time of ion implantation of the n-type impurity
to the projected range (Rp) at the time of ion implantation
of the p-type impurity is set within the range of 90% to
110%. This is to facilitate the formation of trimers by bring-
ing the p-type impurity and the n-type impurity close to
each other.
[0168] It is also possible to use a mesa structure in the
PiN diode.

(Fourth Embodiment)

[0169] A semiconductor device of this embodiment in-
cludes an n-type SiC layer, a p-type first SiC region
formed in the surface of the SiC layer, an n-type second
SiC region formed in the surface of the first SiC region,
and a p-type fourth SiC region formed in the surface of
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the first SiC region. The semiconductor device also in-
cludes a p-type third SiC region that is formed on the side
of the bottom face of the n-type SiC layer, and contains
a p-type impurity and an n-type impurity. Where the p-
type impurity is an element A and the n-type impurity is
an element D, the element A and the element D form a
combination of Al (aluminum), Ga (gallium), or In (indium)
and N (nitrogen), and/or a combination of B (boron) and
P (phosphorus). The ratio (concentration D/concentra-
tion A) of the concentration of the element D to the con-
centration of the element A in the above combination is
higher than 0.33 but lower than 0.995, and the concen-
tration of the element A forming part of the above com-
bination is not lower than 1 3 1018 cm-3 and not higher
than 1 3 1022 cm-3. The semiconductor device further
includes a gate insulating film continuously formed on
the surfaces of the SiC layer and the first SiC region, a
gate electrode formed on the gate insulating film, a first
electrode formed on the second SiC region and the fourth
SiC region, and a second electrode formed on a side of
the third SiC region.
[0170] FIG. 18 is a schematic cross-sectional view of
the structure of an IGBT (Insulated Gate Bipolar Tran-
sistor) that is a semiconductor device of this embodiment.
The function and the like of co-doping with a p-type im-
purity and an n-type impurity are the same as those of
the first embodiment, and therefore, explanation of them
is not repeated herein.
[0171] This IGBT 300 includes an SiC substrate (a sil-
icon carbide substrate) 12 having first and second faces.
In FIG. 18, the first face is the upper face, and the second
face is the lower face. This SiC substrate 12 is a 4H-SiC
substrate (an n-substrate) that contains N (nitrogen) as
the n-type impurity at an impurity concentration of ap-
proximately 1 3 1018 to 1 3 1019 cm-3, for example.
[0172] An n-type SiC layer (an n--SiC layer) 14 con-
taining the n-type impurity at an impurity concentration
of approximately 5 3 1015 to 2 3 1016 cm-3 is formed on
the first face of the SiC substrate 12. The film thickness
of the n--SiC layer 14 is approximately 5 to 10 mm, for
example.
[0173] A p-type first SiC region (a first emitter region)
66 containing the p-type impurity at an impurity concen-
tration of approximately 5 3 1015 to 1 3 1017 cm-3 is
formed in part of the surface of the n--SiC layer 14. The
depth of the first emitter region 66 is approximately 0.6
mm, for example.
[0174] An n+-type second SiC region (a second emitter
region) 58 containing the n-type impurity at an impurity
concentration of approximately 1 3 1018 to 1 3 1022 cm-3

is formed in part of the surface of the first SiC region (the
first emitter region) 66. The depth of the second emitter
region 58 is smaller than the depth of the first SiC region
(the first emitter region) 66, and is approximately 0.3 mm,
for example.
[0175] A p+-type fourth SiC region (an emitter contact
region) 60 containing the p-type impurity at an impurity
concentration of approximately 1 3 1018 to 1 3 1022 cm-3

is formed in part of the surface of the first SiC region (the
first emitter region) 66 and on a side of the n+-type second
SiC region (the second emitter region) 58. The depth of
the emitter contact region 60 is smaller than the depth of
the first SiC region (the first emitter region) 66, and is
approximately 0.3 mm, for example.
[0176] A p+-type third SiC region (a collector region)
52 is formed on the side of the bottom face of the n-type
SiC layer 14. In this embodiment, the bottom face of the
SiC substrate 12 is the p+-type third SiC region 52.
[0177] The p+-type third SiC region 52 is co-doped with
the p-type impurity and the n-type impurity. Where the p-
type impurity is the element A and the n-type impurity is
the element D, the element A and the element D form a
combination of Al (aluminum), Ga (gallium), or In (indium)
and N (nitrogen), and/or a combination of B (boron) and
P (phosphorus). The ratio (concentration D/concentra-
tion A) of the concentration of the element D to the con-
centration of the element A in the above combination is
higher than 0.33 but lower than 0.995. In the following,
an example case where the element A is Al and the el-
ement D is N is described.
[0178] A gate insulating film 28 is continuously formed
on the surfaces of the SiC layer (the n--layer) 14 and the
first SiC region (the first emitter region) 66, so as to bridge
the space between the layer and the region. The gate
insulating film 28 may be an SiO2 film or a high-k insu-
lating film, for example.
[0179] A gate electrode 30 is formed on the gate insu-
lating film 28. The gate insulating film 28 may be an SiO2
film, for example. The gate electrode 30 is made of poly-
silicon, for example. An interlayer insulating film 32
formed with an SiO2 film, for example, is formed on the
gate electrode 30.
[0180] The first SiC region 66 that is located below the
gate electrode 30 and is interposed between the second
SiC region (the second emitter region) 58 and the SiC
layer (the n--layer) 14 serves as the channel region.
[0181] A conductive first electrode (an emitter elec-
trode) 54 that is electrically connected to the second SiC
region (the second emitter region) 58 and the fourth SiC
region (the emitter contact region) 60 is provided. The
first electrode (the emitter electrode) 54 is formed with a
Ni (nickel) barrier metal layer 54a and an Al metal layer
54b formed on the barrier metal layer 54a, for example.
The Ni barrier metal layer 54a and the Al metal layer 54b
may form an alloy through a reaction.
[0182] A conductive second electrode (a collector elec-
trode) 56 is formed on the side of the second face of the
SiC substrate 12 and on the bottom face of the third SiC
region 52. The second electrode (the collector electrode)
56 is made of Ni, for example.
[0183] In this embodiment, the n-type impurity is pref-
erably N (nitrogen) or P (phosphorus), for example, but
it is possible to use As (arsenic) or the like. Also, the p-
type impurity is preferably Al (aluminum), for example,
but it is possible to use B (boron), Ga (gallium), In (indi-
um), or the like.
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[0184] In the IGBT 300 of this embodiment, the third
SiC region (the collector region) 52 is co-doped with a p-
type impurity such as Al and an n-type impurity such as
N. As a result, the sheet resistance or the resistivity of
the third SiC region 52 is lowered. Also, the contact re-
sistance between the third SiC region 52 and the second
electrode (the collector electrode) 56 is lowered. Accord-
ingly, the IGBT 300 having a large ON current is realized.
[0185] Since the energy levels of dopant are shallow
in this embodiment, carriers are generated and annihi-
lated at a high speed. As a result, the time required for
switching on and the time required for switching off can
be made half or shorter than that required in an IGBT in
which co-doping is not performed. If the range of co-dop-
ing is widened, a higher speed can be achieved, and low-
speed operation that is a drawback of a bipolar device
can be eliminated.
[0186] When the range of co-doping is widened, co-
doping may be performed in the channel region (the first
emitter region), for example. If implantation of dopant at
approximately 1 3 1018 cm-3 is allowed depending on
device characteristics such as the threshold value, co-
doping can be performed in the channel region. Further,
co-doping may be performed in the channel region, the
drift layer, and the like by an epitaxial growth technique.
If co-doping is performed on the largest possible amount
of the charge entrance and exit portion in the structure
forming the bipolar device, an even higher speed can be
achieved.
[0187] As trimers are formed, the crystalline structures
are stabilized, and crystal defects decrease. Accordingly,
the IGBT 300 having smaller leak current at the time of
reverse bias application is realized. Furthermore, as the
crystalline structures are stabilized, the IGBT 300 that
has excellent energization breakdown tolerance is real-
ized.
[0188] The concentration of the p-type impurity con-
tained in the third SiC region 52 is not lower than 1 3
1018 cm-3 and not higher than 1 3 1022 cm-3. If the con-
centration is lower than the range, there is a possibility
that interaction between the p-type impurity and the n-
type impurity does not occur, and trimers are not formed,
particularly when co-doping is performed through ion im-
plantation. This is also because it is difficult to solve the
p-type impurity having a concentration higher than the
range.
[0189] So as to sufficiently lower the sheet resistance
or the resistivity of the third SiC region 52 and the contact
resistance between the third SiC region 52 and the sec-
ond electrode 56, the concentration of the p-type impurity
contained in the third SiC region 52 is preferably 1 3 1020

cm-3 or higher.
[0190] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
third SiC region 52, the ratio of the concentration of the
element D to the concentration of the element A is higher
than 0.33 but lower than 0.995, so as to achieve the ef-
fects of co-doping. Also, so as to sufficiently lower the

sheet resistance of the third SiC region 52 and the contact
resistance between the third SiC region 52 and the sec-
ond electrode 56, the ratio of the concentration of the
element D to the concentration of the element A is pref-
erably higher than 0.40 but lower than 0.95. More pref-
erably, the ratio is not lower than 0.45 and not higher
than 0.75. Even more preferably, the ratio is not lower
than 0.47 and not higher than 0.60.
[0191] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
third SiC region 52, the acceptor levels that contribute to
generation of carriers of the element A are preferably 150
meV or less, so as to reduce the sheet resistance or the
resistivity of the third SiC region 52 and the contact re-
sistance between the third SiC region 52 and the second
electrode 56. More preferably, the acceptor levels are
100 meV or less. Even more preferably, the acceptor
levels are 40 meV or less.
[0192] So as to sufficiently lower the sheet resistance
or the resistivity of the third SiC region 52 and the contact
resistance between the third SiC region 52 and the sec-
ond electrode 56, most of the p-type impurity and the n-
type impurity preferably forms trimers. Therefore, 90%
or more of the element D is preferably in the lattice site
locations nearest to the element A. If 90% or more of the
element D is in the lattice site locations nearest to the
element A, most of the p-type impurity and the n-type
impurity (90% or more of the part that can form trimers)
can be considered to form trimers.
[0193] Alternatively, a co-doped structure can be
formed by doping the n+-type second SiC region (the
second emitter region) 58 with the p-type impurity and
doping the p+-type fourth SiC region (the emitter contact
region) 60 with the n-type impurity. In this case, the re-
sistance of each region and the contact resistance of the
first electrode 54 are lowered, and a higher-performance
IGBT is realized.
[0194] Next, a method of manufacturing the semicon-
ductor device of this embodiment is described.
[0195] FIG. 19 is a flowchart showing an example of
the method of manufacturing the semiconductor device
of this embodiment. FIGS. 20 through 25 are schematic
cross-sectional views illustrating the method of manufac-
turing the semiconductor device of this embodiment.
[0196] As shown in FIG. 19, the method of manufac-
turing the semiconductor device includes n--SiC layer for-
mation (step S200), p-type impurity ion implantation (step
S202), n-type impurity ion implantation (step S204), p-
type impurity ion implantation (step S206), p-type impu-
rity ion implantation (step S208), n-type impurity ion im-
plantation (step S209), annealing (step S21 0), gate in-
sulating film formation (step S212), gate electrode for-
mation (step S214), interlayer film formation (step S216),
first electrode formation (step S218), second electrode
formation (step S220), and annealing (step S222).
[0197] First, the n-type SiC substrate 12 that contains
P (phosphorus) or N (nitrogen) as the n-type impurity at
an impurity concentration of approximately 5 3 1018

29 30 



EP 2 770 534 A1

17

5

10

15

20

25

30

35

40

45

50

55

cm-3, has a thickness of 300m m, and has a low resistance
of 4H-SiC, is prepared.
[0198] In step S200, the high-resistance n--SiC layer
14 that contains N as the n-type impurity at an impurity
concentration of approximately 1 3 1016 cm-3 and has a
thickness of approximately 10 mm is epitaxially grown on
one (the first face) of the faces of the SiC substrate 12
by an epitaxial growth technique.
[0199] After that, patterning is performed by photoli-
thography and etching, to form a first mask material 42
that is made of SiO2, for example. In step S202, Al as
the p-type impurity is implanted into the SiC layer 14
through ion implantation by using the first mask material
42 as an ion implantation mask, to form the first SiC region
(the first emitter region) 66 (FIG. 20).
[0200] After that, patterning is performed by photoli-
thography and etching, to form a second mask material
44 that is made of SiO2, for example. In step S204, N as
the n-type impurity is implanted into the n--SiC layer 14
through ion implantation by using the second mask ma-
terial 44 as an ion implantation mask, to form the second
SiC region (the second emitter region) 58 (FIG. 21).
[0201] After that, patterning is performed by photoli-
thography and etching, to form a third mask material 46
that is made of SiO2, for example. In step S206, Al as
the p-type impurity is implanted into the n--SiC layer 14
through ion implantation by using the third mask material
46 as an ion implantation mask, to form the fourth SiC
region (the emitter contact region) 60 (FIG. 22).
[0202] In step S208, Al as the p-type impurity is im-
planted into the bottom face (the second face) of the SiC
substrate 12 through ion implantation, to form the third
SiC region (the collector region) 52 (FIG. 23).
[0203] Further, in step S209, N as the n-type impurity
is implanted into the third SiC region (the collector region)
52 through ion implantation (FIG. 24).
[0204] In this manner, in steps S208 and S209, co-
doping is performed through ion implantation of the p-
type impurity and the n-type impurity, to form the collector
region 52. Although the p-type impurity is Al and the n-
type impurity is N in this example, the element A and the
element D form a combination of Al (aluminum), Ga (gal-
lium), or In (indium) and N (nitrogen), and/or a combina-
tion of B (boron) and P (phosphorus) in a case where the
p-type impurity is the element A and the n-type impurity
is the element D.
[0205] To form trimers through interaction between the
p-type impurity and the n-type impurity in the collector
region 52, the distribution of the p-type impurity and the
distribution of the n-type impurity are preferably the same
after the ion implantation.
[0206] Therefore, the ratio of the projected range (Rp)
at the time of ion implantation of the n-type impurity to
the projected range (Rp) at the time of ion implantation
of the p-type impurity is set within the range of 90% to
110%. More preferably, the ratio is in the range of 95%
to 105%.
[0207] So as to lower the sheet resistance and the re-

sistivity of the collector region 52, the ratio of the dose
amount of N as the n-type impurity to the dose amount
of Al as the p-type impurity is preferably higher than 0.33
but lower than 0.995.
[0208] Also, so as to lower the sheet resistance and
the resistivity of the collector region 52 through interac-
tion between the p-type impurity and the n-type impurity,
the dose amounts are controlled so that the concentration
of Al as the p-type impurity becomes not lower than 1 3
1018 cm-3 and not higher than 1 3 1022 cm-3.
[0209] In step S21 0, after the collector region 52 is
formed by performing co-doping through ion implantation
of the p-type impurity and the n-type impurity, annealing
for activation is performed. The conditions for the anneal-
ing are that an argon (Ar) gas is used as an atmosphere
gas, the heating temperature is 1600°C, and the heating
period is 30 minutes, for example. At this point, the im-
purities implanted into the SiC can be activated, but dif-
fusion is small.
[0210] In step S212, the gate insulating film 28 that is
formed with an SiO2 film, for example, is formed by CVD
(Chemical Vapor Deposition) or thermal oxidation. In step
S214, the gate electrode 30 that is made of polysilicon,
for example, is formed on the gate insulating film 28. In
step S216, the interlayer insulating film 32 that is formed
with an SiO2 film, for example, is formed on the gate
electrode 30 (FIG. 25).
[0211] After that, in step S218, the conductive first elec-
trode (the emitter electrode) 54 that is electrically con-
nected to the second SiC region (the emitter region) 58
and the fourth SiC region (the emitter contact region) 60
is formed. The first electrode (the emitter electrode) 54
is formed by Ni (nickel) and Al sputtering, for example.
[0212] In step S220, the conductive second electrode
(the collector electrode) 56 is formed on the side of the
bottom face of the collector region 52. The second elec-
trode (the collector electrode) 56 is formed by Ni sputter-
ing, for example.
[0213] In step S222, annealing at a low temperature is
performed to lower the contact resistance between the
first electrode 54 and the second electrode 56. The an-
nealing is performed in an argon gas atmosphere at
400°C, for example.
[0214] By the above described manufacturing method,
the IGBT shown in FIG. 18 is formed.
[0215] According to the manufacturing method in this
embodiment, the p-type collector region 52 is co-doped
with a p-type impurity such as Al and an n-type impurity
such as N. Accordingly, the sheet resistance and the re-
sistivity of the p-type collector region 52 is lowered. Also,
the contact resistance between the collector region 52
and the second electrode (the collector electrode) 56 is
lowered. Accordingly, the high-performance IGBT 300
having the ON resistance lowered can be manufactured.
[0216] Also, the respective impurities can easily enter
lattice points by virtue of the co-doping with the p-type
impurity and the n-impurity. Accordingly, the temperature
of the activating anneal in step S21 0 can be made lower
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than that in a case where co-doping is not performed.
[0217] Further, the crystalline structures are stabilized
by the formation of trimers or pair structures, and char-
acteristics degradation due to expansion of crystal de-
fects formed at the time of ion implantation into SiC can
be restrained.
[0218] Also, a low-resistance p+-type region can be
easily formed on the bottom face of the substrate through
ion implantation. Accordingly, the IGBT can be manufac-
tured by using the n-type SiC substrate 12 that can be
more easily manufactured than a p-type SiC substrate.
[0219] So as to make the n-type region thinner, the
step of grinding the bottom face of the SiC substrate 12
may be additionally carried out prior to the formation of
the p-type collector region 52, for example.
[0220] Alternatively, the step of forming an n+-type
buffer layer on the bottom face of the n-type SiC substrate
12 or the n-type SiC layer (the n--SiC layer) 14 through
ion implantation of the n-type impurity may be carried out
prior to the formation of the collector region 52. In this
step, the resistance of the n+-type buffer layer can be
lowered by co-doping the n+-type buffer layer with the p-
type impurity and the n-type impurity through ion implan-
tation. That is, both an n+-type buffer layer (N amount:
Al amount = 2 : 1) and a p+-type region (Al amount: N
amount = 2 : 1) may be formed by varying the N implan-
tation amount in the depth direction.

(Fifth Embodiment)

[0221] A semiconductor material of this embodiment
is a p-type semiconductor material that contains a p-type
impurity and an n-type impurity in SiC. Where the p-type
impurity is an element A and the n-type impurity is an
element D, the element A and the element D form a com-
bination of Al (aluminum), Ga (gallium), or In (indium)
and N (nitrogen), and/or a combination of B (boron) and
P (phosphorus). The ratio of the concentration of the el-
ement D to the concentration of the element A in the
above combination is higher than 0.33 but lower than
0.995.
[0222] The semiconductor material of this embodiment
is an ingot of SiC or a wafer of SiC, for example. In the
semiconductor material of this embodiment, SiC is co-
doped with a predetermined p-type impurity and a pre-
determined n-type impurity at a predetermined ratio. With
this structure, a p-type SiC semiconductor material with
a low resistance and a low defect concentration can be
realized by the function described in detail in the first
embodiment.
[0223] The concentration of the element A as the p-
type impurity that is contained in the p-type SiC semicon-
ductor material and forms part of the above combination
is preferably not lower than 1 3 1018 cm-3 and not higher
than 1 3 1022 cm-3. If the concentration is lower than the
range, there is a possibility that interaction between the
p-type impurity and the n-type impurity does not occur,
and trimers are not formed, particularly when co-doping

is performed through ion implantation. This is also be-
cause it is difficult to solve the p-type impurity having a
concentration higher than the range.
[0224] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
above combination in the p-type SiC semiconductor ma-
terial, the ratio of the concentration of the element D to
the concentration of the element A is higher than 0.33
but lower than 0.995, so as to sufficiently lower the sheet
resistance or the resistivity of the p-type SiC semicon-
ductor material. Also, the ratio of the concentration of the
element D to the concentration of the element A is pref-
erably higher than 0.40 but lower than 0.95. More pref-
erably, the ratio is not lower than 0.45 and not higher
than 0.75. Even more preferably, the ratio is not lower
than 0.47 and not higher than 0.60.
[0225] In a case where the p-type impurity is the ele-
ment A and the n-type impurity is the element D in the
above combination in the p-type SiC semiconductor ma-
terial, the acceptor levels of the element A are preferably
150 meV or less, so as to achieve the effects of co-doping.
More preferably, the acceptor levels are 100 meV or less.
Even more preferably, the acceptor levels are 40 meV
or less.
[0226] So as to lower the sheet resistance or the re-
sistivity of the p-type SiC semiconductor material, most
of the p-type impurity and the n-type impurity preferably
forms trimers. Therefore, 90% or more of the element D
is preferably in the lattice site locations nearest to the
element A. If 90% or more of the element D is in the lattice
site locations nearest to the element A, most of the p-
type impurity and the n-type impurity (90% or more of the
part that can form trimers) can be considered to form
trimers.
[0227] Although silicon carbide crystalline structures
are 4H-SiC in the above described embodiments, the
embodiments can also be applied to silicon carbides hav-
ing other crystalline structures such as 6H-SiC and 3C-
SiC.
[0228] Also, in the above described embodiments, a
combination of a p-type impurity and an n-type impurity
is a combination of Al (aluminum) and N (nitrogen). How-
ever, the combination is not limited to that, and the same
effects as above can be achieved, as long as the com-
bination is either a combination of Al (aluminum), Ga (gal-
lium), or In (indium) and N (nitrogen), or a combination
of B (boron) and P (phosphorus).
[0229] Although MOSFETs are formed by using n-type
SiC substrates in the first and second embodiments, IG-
BTs may be formed by using p-type SiC substrates, in-
stead of n-type SiC substrates.
[0230] While certain embodiments have been de-
scribed, these embodiments have been presented by
way of example only, and are not intended to limit the
scope of the inventions. Indeed, the semiconductor de-
vice and the method of manufacturing the same de-
scribed herein may be embodied in a variety of other
forms; furthermore, various omissions, substitutions and
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changes in the form of the devices and methods de-
scribed herein may be made without departing from the
spirit of the inventions. The accompanying claims and
their equivalents are intended to cover such forms or
modifications as would fall within the scope and spirit of
the inventions.

Claims

1. A semiconductor device comprising
a p-type SiC region containing a p-type impurity and
an n-type impurity,
wherein,
the p-type impurity being an element A and the n-
type impurity being an element D, the element A and
the element D form at least a first combination or a
second combination, the first combination being a
combination of the element A selected from a group
consisting of Al (aluminum), Ga (gallium), and In (in-
dium) and the element D being N (nitrogen), the sec-
ond combination being a combination of the element
A being B (boron) and the element D being P (phos-
phorus),
a ratio of a concentration of the element D to a con-
centration of the element A forming at least one of
the combinations is higher than 0.33 and lower than
0.995, and
the concentration of the element A forming at least
one of the combinations is not lower than 1 3 1018

cm-3 and not higher than 1 3 1022 cm-3.

2. A semiconductor device comprising:

an SiC substrate having first and second faces;
an n-type SiC layer formed on a side of the first
face of the SiC substrate;
a p-type first SiC region formed in a surface of
the SiC layer;
an n-type second SiC region formed in a surface
of the first SiC region;
a p-type third SiC region formed in the surface
of the first SiC region, the third SiC region con-
taining a p-type impurity and an n-type impurity,
the p-type impurity being an element A and the
n-type impurity being an element D, the element
A and the element D forming at least a first com-
bination or a second combination, the first com-
bination being a combination of the element A
selected from a group consisting of Al (alumi-
num), Ga (gallium), and In (indium) and the el-
ement D being N (nitrogen), the second combi-
nation being a combination of the element A be-
ing B (boron) and the element D being P (phos-
phorus), a ratio of a concentration of the element
D to a concentration of the element A forming
at least one of the combinations being higher
than 0.33 and lower than 0.995, the concentra-

tion of the element A forming at least one of the
combinations being not lower than 1 3 1018 cm-3

and not higher than 1 3 1022 cm-3;
a gate insulating film formed continuously on the
surface of the SiC layer and the surface of the
first SiC region;
a gate electrode formed on the gate insulating
film;
a first electrode formed on the second SiC region
and the third SiC region; and
a second electrode formed on a side of the sec-
ond face of the SiC substrate.

3. A semiconductor device comprising:

an n-type SiC substrate having first and second
faces;
an n-type SiC layer formed on a side of the first
face of the SiC substrate;
a p-type SiC region formed in a surface of the
SiC layer, the SiC region containing a p-type im-
purity and an n-type impurity, the p-type impurity
being an element A and the n-type impurity be-
ing an element D, the element A and the element
D forming at least a first combination or a second
combination, the first combination being a com-
bination of the element A selected from a group
consisting of Al (aluminum), Ga (gallium), and
In (indium) and the element D being N (nitrogen),
the second combination being a combination of
the element A being B (boron) and the element
D being P (phosphorus), a ratio of a concentra-
tion of the element D to a concentration of the
element A forming at least one of the combina-
tions being higher than 0.33 and lower than
0.995, the concentration of the element Aform-
ing at least one of the combinations being not
lower than 1 3 1018 cm-3 and not higher than 1
3 1022 cm-3;
a first electrode formed on the SiC region; and
a second electrode formed on a side of the sec-
ond face of the SiC substrate.

4. A semiconductor device comprising:

an n-type SiC layer;
a p-type first SiC region formed in a surface of
the SiC layer;
an n-type second SiC region formed in a surface
of the first SiC region;
a p-type third SiC region formed on a side of a
bottom face of the n-type SiC layer, the third SiC
region containing a p-type impurity and an n-
type impurity, the p-type impurity being an ele-
ment A and the n-type impurity being an element
D, the element A and the element D forming at
least a first combination or a second combina-
tion, the first combination being a combination
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of the element A selected from a group consist-
ing of Al (aluminum), Ga (gallium), and In (indi-
um) and the element D being N (nitrogen), the
second combination being a combination of the
element A being B (boron) and the element D
being P (phosphorus), a ratio of a concentration
of the element D to a concentration of the ele-
ment A forming at least one of the combinations
being higher than 0.33 and lower than 0.995,
the concentration of the element A forming at
least one of the combinations being not lower
than 1 3 1018 cm-3 and not higher than 1 3 1022

cm-3;
a gate insulating film formed continuously on the
surface of the SiC layer and the surface of the
first SiC region;
a gate electrode formed on the gate insulating
film;
a first electrode formed on the second SiC re-
gion; and
a second electrode formed on a side of the third
SiC region.

5. The device according to any preceding claim, where-
in the ratio of the concentration of the element D to
the concentration of the element A is higher than
0.40 and lower than 0.95.

6. The device according to any preceding claim, where-
in an acceptor level of the element A is 150 meV or
less.

7. The device according to any preceding claim, where-
in 90% or more of the element D is in a lattice site
location nearest to the element A.

8. A method of manufacturing a semiconductor device,
comprising
forming a p-type SiC region by implanting a p-type
impurity and an n-type impurity into SiC through ion
implantation,
wherein,
the p-type impurity being an element A and the n-
type impurity being an element D, the element A and
the element D form at least a first combination or a
second combination, the first combination being a
combination of the element A selected from a group
consisting of Al (aluminum), Ga (gallium), and In (in-
dium) and the element D being N (nitrogen), the sec-
ond combination being a combination of the element
A being B (boron) and the element D being P (phos-
phorus), and a ratio of a dose amount of the element
D to a dose amount of the element A forming at least
one of the combinations is higher than 0.33 and lower
than 0.995,
a ratio of a projected range (Rp) in ion implantation
of the n-type impurity to a projected range (Rp) in
ion implantation of the p-type impurity is not lower

than 90% and not higher than 110%, and
the concentration of the element A forming at least
one of the combinations in the p-type SiC region is
not lower than 1 3 1018 cm-3 and not higher than 1
3 1022 cm-3.

9. The method according to claim 8, wherein the ratio
of the dose amount of the element D to the dose
amount of the element A forming at least one of the
combinations is higher than 0.40 and lower than
0.95.

10. The method according to either of claims 8 or 9,
wherein the ion implantation of the p-type impurity
and the n-type impurity is performed in a plurality of
stages divided in accordance with a plurality of pro-
jected ranges (Rp).
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